The synapses made by many arthropod photoreceptors are disinhibitory and use histamine as their transmitter. Because decreases and not increases in the cleft concentration of transmitter constitute the important event at these synapses, a transporter to clear the cleft of histamine would seem particularly crucial to signal transfer. We report here that 3H-histamine is taken up selectively into barnacle photoreceptors by a Na+-dependent mechanism, presumably a transporter. Using light microscopic autoradiography, we observe heavy label over axons and presynaptic terminals of these neurons when they are stimulated during uptake. The radioactivity taken up was identified as 3H-histamine by thin layer chromatography; no metabolites were detected, even after 5 hr. Radiolabeled Shydroxytryptamine and GABA are not taken up by the photoreceptor. 3H-histamine uptake into photoreceptors is decreased markedly by an excess of unlabeled histamine and by chlorpromazine and phenoxybenzamine. Unexpectedly for uptake dependent on the Na' gradient, photoreceptor terminals label more intensely in the light (when depolarized) than in the dark (when hyperpolarized). Glia label more strongly than photoreceptors in dark-incubated preparations. The presence of presynaptic uptake strengthens the evidence that histamine is the neurotransmitter of arthropod photoreceptors and provides a mechanism by which this synapse could recycle transmitter, control its steady-state cleft concentration, and clear it from the cleft in response to decreases in its release from the photoreceptors.
The synapses made by many arthropod photoreceptors are disinhibitory and use histamine as their transmitter. Because decreases and not increases in the cleft concentration of transmitter constitute the important event at these synapses, a transporter to clear the cleft of histamine would seem particularly crucial to signal transfer. We report here that 3H-histamine is taken up selectively into barnacle photoreceptors by a Na+-dependent mechanism, presumably a transporter. Using light microscopic autoradiography, we observe heavy label over axons and presynaptic terminals of these neurons when they are stimulated during uptake. The radioactivity taken up was identified as 3H-histamine by thin layer chromatography; no metabolites were detected, even after 5 hr. Radiolabeled Shydroxytryptamine and GABA are not taken up by the photoreceptor. 3H-histamine uptake into photoreceptors is decreased markedly by an excess of unlabeled histamine and by chlorpromazine and phenoxybenzamine. Unexpectedly for uptake dependent on the Na' gradient, photoreceptor terminals label more intensely in the light (when depolarized) than in the dark (when hyperpolarized). Glia label more strongly than photoreceptors in dark-incubated preparations. The presence of presynaptic uptake strengthens the evidence that histamine is the neurotransmitter of arthropod photoreceptors and provides a mechanism by which this synapse could recycle transmitter, control its steady-state cleft concentration, and clear it from the cleft in response to decreases in its release from the photoreceptors.
Key words: histamine; photoreceptur; arthropod; transporter; barnacle; au toradiography; neuro transmiffer; synapse; disinhibittion Disinhibition is a common synaptic mechanism in retinas of both vertebrates and invertebrates. In arthropod simple and compound eyes, disinhibition of postsynaptic cells at the photoreceptor synapses converts presynaptic hyperpolarizations to postsynaptic depolarizing synaptic potentials. In steady light, the photoreceptors are depolarized and continuously release inhibitory transmitter, holding the postsynaptic cell siXent. Dimming of the light hyperpolarizes the photoreceptor but excites the postsynaptic cell through disinhibition. At such synapses where decreases in concentration of transmitter in the cleft constitute the meaningful signal, the mechanisms of transmitter removal from the cleft might be expected to assume pivotal importance in the generation of the postsynaptic response.
Here we present autoradiographic and biochemical evidence for selective uptake into an arthropod photoreceptor of histamine, the probable neurotransmitter of many, perhaps all, arthropod photoreceptors (Hardie, 1987 (Hardie, , 1988 (Hardie, , 1989 Simmons and Hardie, 1988; Battelle et al., 1991; Stuart and Callaway, 1991; Burg et al., 1993; Schmid and Duncker, 1993) . Uptake is Na+-dependent, suggesting that this putative histamine transporter belongs to one of the families of Na'-dependent transporters. All domains of the celI took up "H-histamine, although when the cells were stimulated, uptake was markedly greater in the presynaptic MATERIALS AND METHODS Animals and preparations. Giant barnacles @alarms rmbihs) were obtained from Bio-Marine Enterprises (Seattle, WA) and maintained at 1 l°C in aerated, circulating artificial seawater. Preparations were dissected as described in Hudspeth and Stuart (1977) in barnack saline containing (in MM): 461.5 NaCl, 8 KCl, 20 CaCl, , 12 MgCl,, and 10 Tris(hydroxymethy1) aminomethane HCl buffer, pH 7.67,8.
Preparations consisted of the median eye (ocellus), comprising four photoreceptor somata, the median ocellar nerve containing their axons, and the small supracsophageal ganglion, or "brain," where these photoreceptors terminate (see Fig. 2A ). Two other simple eyes positioned laterally in the animal each contain three photoreceptors that normally project through the antcnnular nerves to terminate in the ganglion; these nerves (and thus the lateral photoreceptor axons) were severed.
Incubations. 'H-histamine dihydrochloride (36-57 Ci/mmol; Amersham) was divided into 20 ~1 aliquots, and for each experiment an aliquot was dried down to remove ethanol and redissolved in barnacle saline to a concentration of 20 PM, pH 7.3. Preparations were pinned on Sylgard (Dow-Corning), in either small petri dishes or a three-compartment Plexiglas chamber, For preparations in the petri dish, a Vaseline well was constructed around the ocellus (containing the somata and dendrites of the photoreceptors), around the midportion of the oceIlar nerve (containing their axons), or around the ganglion (containing their presynaptic terminals); when the Plexiglas chamber was used, the preparation was arranged so that ocellus, nerve, and ganglion were in the separate compartments isolated by Vaseline walls. The saline within the well or one of the compartments was replaced with saline (20 ~1) containing the 20 pM "H-histamine, leaving the rest of the preparation in normal saline outside the weI1. The fluid level within the well or compartment was watched carefully to ensure that It did not decrease durmg the mcubatlon, which would have mdlcated a leak m the Vasehne wall, m some cases ahquots were taken of the flmd outslde the well to check for leakmg radIoactIvIty Incubations m the 'H-hlstamme were for 15 mm at 15°C m constant hght of moderate mtenslty (0 13 mW/cm'), flashmg light of the same mtenslty (2 set on/h set otT), or dark When the mcubatlon salme was to contam a drug or altered ~omc composmon, the salme wlthm the well was exchanged for experlmental sahne for 15-30 mm before the 'H-hlstamme was Introduced For Nat-free incubdtlons, It was Important to superfuse the axons or terminals contmuously for a period of 30 mm to wash completely the Nat from the extracellular space, exchange for a shorter time gave variable results Naf was replaced with cholme, tetramethylammomum (TMA+), N-methyl-D-glucamme (NMG+), or LI+ For experiments m which physrologlcal actlvlty wa5 momtored durmg the exposure of axons to Nat-free salme, a preparation m a three-chambered bath was placed on a physlology setup Each chamber was superfused contmuously with sahne at a high rate (2-5 ml/mm), and visual signals (a burst of actlvlty m third-order ganglion cells at the offset of a hght pulse dehvered every 20 set) were monitored throughout the experiment from one of the clrcumesophageal connective nerves of the supraesophageal ganglion m which the photoreceptor4 terminate When 3H-hlstamme was ddded to the axonal chamber, the perfusron of only that compartment was stopped for the duration of the mcubatlon After mcubatlons, the 3H-hlstamme was washed out for 30 mm m Na+-free sahne Reagents were purchased from Sigma (St LOUIS, MO) except where noted 3H-5-hydroxytryptammc (Amersham or New England Nuclear) was applied at 40 FM (18 2 or 24 7 Cl/mmol) for experiments on the ganghon and 20 WM for experiments on the axons dnd ocellus, 'H-GABA (Amersham) was apphed at 20 pM (51 6 or 86 Climmol) Drugs Included phenoxybenzamme and cocame (generous gifts of Dr Richard Mallman), chlorpromazme, and deslpramme After the mcubatlon, the solution m the Vasehne well (capacity, 20 ~1) was exchanged quickly with several volumes of either normal salme or, especially when the preyynaptlc termmals were Incubated, a sahne containing Co*+ (12 5 mM) and low Ca2+ (2 5 mM) to mnumlze release of the 'H-hlstamme taken up This concentration of Co'+ and Ca'+ has been shown to reduce the postsynaptlc response to near zero (J C Calldway and A E Stuart, unpubhshed observations) The preparation wds then immersed m the Co2+/low Ca2+ salme and transferred on Its Sylgard platform to a chamber made from a 5 ml syringe m which It was washed with chilled Co*+/low Ca*+ salme for 15-20 mm (2-3 ml/mm) Fifteen mmutes after the begmnmg of the wash, <l% of the radloactlvlty collected durmg the first mmute remamed m the ganghon Axons mcubated m 3H-histamme m Nat-free saline were washed after mcubatlon with a Nat-free salme for 30 mm at 5 ml/mm For preparations Incubated m the dark, all mampulatlons were carried out m total darkness untd the incubation was terminated dnd the preparation had been washed for at least 5 mm m Co*'-contammg saline Autorudzography Glutaraldehyde (E M Sciences) fixative was mod]-fied from Hudspeth and Stuart (1977) to contam 0 2 M Na+ cacodylate, pH 7 7, instead of phosphate buffer Preparations were fixed for times rangmg from 1 hr to overmght, washed several times with cacodylate buffer on a tissue rotator, postfixed m osmmm tetroxlde (1%) m cacodylate buffer (1 hr, room temperature), washed several times m dlstllled water, and dehydrated Preparations were cut mto pieces at thl3 pomt $0 that the ocellus, median portlon of the ocellar nerve, and ganghon could be embedded separately m Epon Blocks were sectloned serially at 2 pm Sectlons were dried on gelatmcoated shdes, dipped m Kodak NTB-2 autoradlographlc emulsion, exposed at 4°C for 5 d to 2 weeks, and developed m D-19 (Kodak)
Assay of 'H-hlrtamme uptake by scmtdlatlon countmg Preparations were incubated m 100 ~1 of 20 PM 3H-hlstamme for 15 mm dt 15°C m Eppendorf tubes m flashmg Itght When appropriate, prepardtlon? were premcubated with drug for 15 mln m the dark at 15°C After rncubdtlon, preparations were washed with 5 vol of a 125 mM Co'+/25 mM Ca*+ saline One hundred mlcrohters of 6% trlchloroacetlc acid were added to each preparation, which then sat overnight at 4°C Each preparation was then ground m a glass/glass homogenizer m a final volume of 120 ~1 Ahquots of the homogenate were counted m Blofluor scmtlllate Protein was determmed from the remamder of each sample usmg a Micro BCA protem assay (Pierce, Rockford, IL) Thzn layer chromatography Preparations were Incubated m 'Hhlstamme for 2-5 hr rn flashmg hght at 15°C After Incubation, the preparations were washed for 20 mm m room hght with saline solution contammg Co'+ (12 5 mM) and low CaZt (2 5 mM) The nerves were severed, the ocellus was drscarded, and the washed gangha were homogemzed In 50 ~1 of a mixture of 1 M formic acid and acetone (15 85) The extract was chromdtographed on Polygram SIL G sheets (MachereyNagel, Duren, Germany) m solvent systems of chloroform/methanol/ ammomum m proportlons of 12 7 1 or 2 2 1 (Wemrelch et al , 1979, Ehas and Evans, 1983) The unlabeled metabohtes, lmldazole acetlc acid (Sigma), N-acetyl hlstamme (Sigma), N-telemethylhlstamme (gift of Merck, Sharpe and Dohme) and y-glutamylhlstamme (kindly provided by Dr D Wemrelch), were added at a concentration of 1-2 mg/ml to samples before chromatography and were vlsuahzed uTmg a sulfamhc acid stam (Ehas and Evans, 1983) Gangha were rmged with Vasehne and incubated for 15 mm at 15"C, during which time the preparations were sttmulated either with flashing light (standard condltlons) or, for several preparations, with steady light Subsequent autoradlography showed that m all of these preparations, label was highly locahzed wlthm the ganglion to the terminal regions of the photoreceptors, Including their axons and their entire presynaptlc arbors
Figure lA$ shows phase-contrast and dark-field views, respectively, of a horizontal section taken at the level of the photoreceptor terminals through the ganglion of a preparation that had been incubated m 'H-hlstamme and steady light The sectlon has the location and approximate dlmenslons of the rectangle drawn on the ganghon m the diagram of Figure 2A Each photoreceptor axon bifurcates at a variable posltlon m the nerve as it enters the mldlme of the commlssure lmkmg the two hemlgangha (Hudspeth and Stuart, 1977, their Fig 6) and then arborlzes bilaterally close to the midline, this sectlon passes through the heart of the arbors of these cells Silver grams distinctly outlme the arbors m their entirety, including the axons as they enter the ganghon, their primary branches, and their rather abrupt, bushy terminals (Schnapp and Stuart, 1983 , Stockbrldge and Ros?, 1984 , Oland and Stuart, 1986 , Callaway et al, 1989 , Callaway et al, 1993 ) The presence of grams over the entering axons (awows m Fig 1A) was unexpected but repeatable, longer portions of the axons of the entermg photoreceptors m a section from another preparation show clearly their marked labeling (awows m Fig 1C) The section shown m Figure L4 ,B 1s from a serial set of 126 sectlons through the ganghon, m which 25 sections near the center of the set (sections 29 through 53) showed silver grams m the expected posltlon of the photoreceptor terminals The primary processes and final arbors extend in this preparation -100-150 pm mto each hemlganghon, m agreement with previous measurements from horseradlsh peroxldase-filled cells (Schnapp and Stuart, 1983 ) In a second preparation (Fig IC) , termmals appeared m 23 of 71 serial sectIons that were cut Thus, the termmal arbors occupied about the same vertical dlmenslon m the two ganglia (46-50 pm) and were present m a substantial fraction of the serial sections At lower magmficatlon, it was possible to see that grams were distributed evenly wlthm the mam body of the ganglion (not shown), suggestmg no substantial accumulation of the 3H-histamine either m ganghon cells or m the gha surroundmg them This finding contrasts markedly with the dense pattern of label, Figure 1 . Labeling of photoreceptor terminal arbors after incubation in 3H-histamine (A-E), 3H-5HT (F, G), or 3H-GABA (I?) in the light. d, Horizontal section of the ganglion as seen with phase-contrast illumination. Silver grains crisply delineate photoreceptor axons (fut arrows), primary processes, and bilaterally symmetrical terminal arborizations in the anterior portion of the commissure linking the two hemiganglia. The concentration of 3H-histamine was 20 pM in this and all other incubations involving 3H-histamine. B, Dark-field illumination of the same section. Scale bar in A applies also to B. C, A section from another preparation photographed with phase-contrast illumination. The axons in the median ocellar nerve (arrows) are particularly prominent in this preparation. Both preparations were incubated in the constant light. Sections were 2 pm and were exposed to emulsion for 2 weeks. D, Bright-field view of section through a preparation incubated in 2 mM unlabeled histamine and 20 pM 3H-histamine. No accumulation of silver grains is apparent over the photoreceptor axons or primary processes (arrows) or photoreceptor terminals in the ganglion. The lack of silver grains over this and all the other serial sections of this preparation is consistent with the unlabeled histamine outcompeting 3H-histamine for uptake. E, Dark-field view of the section in D. F, Bright-field view of a preparation incubated in 3H-.5HT. The label is absent from photoreceptors and glia but is associated with a fragment of axon (arrows) and varicosities in the neuropil. G, Dark-field view of the section in F. H, Section through the nerve as it enters the ganglion from a preparation incubated in 3H-GABA viewed in dark-field illumination. Silver grains are found over glia but are conspicuously lacking over the bifurcating photoreceptor axons. Anterior is up in all panels. (Fig. 1H) .
It was a consistent observation that the "background" label over the anterior half of the commissure in which the photoreceptor terminals arborize was greater than that in the posterior half (Fig.  L4 ) or, indeed, than over the rest of the ganglion. This label over the anterior commissure seems to be over the distinctive glial cells that envelope the photoreceptor arbors in this region (Schnapp and Stuart, 1983) . Packed, unlabeled axons form the posterior half of the commissure, which is clearly distinct from the anterior half in this phase-contrast view.
The accumulation of 3H-histamine in the axons and terminals of the median photoreceptors was diminished markedly in each of two preparations by 2 mM unlabeled histamine added to the incubation medium (Fig. lD,E) , an observation consistent with uptake being a competitive process, presumably mediated by a transporter protein.
3H-5-hydroxytryptamine
(5HT) and 3H-GABA are not taken up by photoreceptor terminals Two ganglia incubated in 3H-5HT (40 pM) and flashing light did not show an accumulation of grains over photoreceptor terminal arbors. Rather, these preparations accumulated silver grains over a decussating ganglion cell axon (Fig. lF,G ,fut arrows) in the same region as the unlabeled photoreceptor terminals, over varicosities in the neuropil, and over several small cell bodies (not in the section of Fig. lF,G) in the pattern observed by Callaway et al. (1985) using immunolabeling. Thus, the uptake of 3H-histamine into the photoreceptors is highly selective for histamine over 5HT.
Two ganglia incubated in 3H-GABA (20 FM) labeled widely and diffusely, presumably attributable to uptake of this compound into glial cells. There was no label over photoreceptor terminal arbors, axons (Fig. lH, dark , unlabeled, elongated profiles in the nerve), or other neurons. Curiously, GARA antiserum labels barnacle photoreceptor somata and axons and (less intensely) their presynaptic arbors (Callaway et al., 1989) . Strong arguments, however, previously have disqualified GABA as the transmitter causing the postsynaptic response (Callaway and Stuart, 1989a) and now include the absence of 'H-GABA uptake into the terminals.
Distribution of 3H-histamine along the photoreceptor neuron
Incubation of whole preparations (n = 3) in 3H-histamine in flashing light, and subsequent autoradiography of their ocelli, axons, and terminals ( Fig. 2) confirmed that label appeared not only over the terminals of the photoreceptors (Fig. 20) but also over their axons in the nerve (two axons captured in Fig. 2C ).
Other, smaller axons in the nerve, not belonging to photoreceptor neurons, did not label. Ocellar structures (Fig. 2B ) labeled at a density above that in the surrounding capsule, but the label was apparently uniform and far less dense than in the axons. In fact, a gradient of label seems to exist in the preparation of Figure 2 , with the terminals most intensely labeled, but because the axons were c
The nerve. This section cuts through two photoreceptor axons that are labeled more heavily than ocellar structures. Other axons in the nerve are not labeled. D, The portion of the ganglion containing the photoreceptor synaptic terminals, which are also heavily labeled. Scale bar applies to B, C, D. sampled only at their midpoint and not at other positions along their length, it was not possible to know from these experiments whether the entire cell labeled as a gradient or as three discrete domains of intensity.
Photoreceptor axons take up 3H-histamine From the experiments illustrated in Figures 1 and 2 , we did not know whether the 3H-histamine was being accumulated actively by the axons of the photoreceptors or whether it was diffusing or being retrogradely transported into the axons from the terminals. To determine whether the axons of the photoreceptors themselves could take up 3H-histamine, only the middle portion of the nerve was incubated in the labeled compound (Fig. 3 , inset diagram; n = 5). The ganglion and ocellus were bathed in unlabeled histamine (1 mM) to prevent uptake at these sites of 3H-histamine that might have leaked out of the axonal compartment or diffused along extracellular pathways. Subsequent autoradiography and examination with phase-contrast and dark-field optics (Fig. 3A,B) showed heavy label over the photoreceptor axons in the nerve. Figure 3A , focused on the tissue, shows the large size of the photoreceptor axons in relation to the diameter of the nerve. Other smaller axons and structures within the nerve do not A uniform accumulation of silver grains is seen over ocellar structures at higher density than over le (asterisks in B). C, D, 1 mM unlabeled histamine added to the 20 PM 3H-histamine. The uptake of 3H-histamine is reduced to the een over the capsule. E, F, A section through an ocellus incubated in 3H-.5HT. The sectioned photoreceptor soma, its dendrites, its axon, and a portion of an axon from a neighboring photoreceptor (soma in another section) clearly do not accumulate grains above the background level. Scale bar in F applies to all panels. accumulate grains above the background density seen over the connective tissue capsule that surrounds the nerve and ganglion.
Excess (1 DIM) unlabeled histamine added to the 3H-histamine in the incubation saline blocked the accumulation of grains over the axons (Figs. 3C,D ; II = 2). Incubation of the nerve in 3H-5HT (20 pM) also resulted in no significant accumulation of silver grains over the photoreceptor axons, or, indeed, over any of the axons in the nerve (Fig. 3E ,F, n = 2). Thus uptake of 3H-histamine into the photoreceptor axons has characteristics similar to uptake into the presynaptic terminals.
Pattern of 3H-histamine label over ocelli In contrast to the clear label of terminals and axons, the label over ocelli incubated in 3H-histamine was light and uniform ( Fig. 4A,B ; y1 = 8). Structures within the barnacle ocellus include the four photoreceptor somata (one seen exceptionally clearly in the section of Fig. 4C ), their dendrites and rhabdomeres, and surrounding glial cells, which are intertwined with the dendrites (Fahrenbach, 196.5; Hudspeth and Stuart, 1977) . Although the accumulation of grains over ocellar structures was denser than the background level in the capsule (asterisks in Fig. 4A, B) , there was no pattern to this label suggestive of selective accumulation into either the neuronal or the glial cells.
When excess (1 mM) unlabeled histamine was added to the incubation solution, the grains were distributed over the ocellus at background level ( Fig. 4C,D ; 12 = 3), suggesting that the uptake I observed in the ocellus, although weak, is a competitive process and not simply entrapment of 3H-histamine in the extracellular space.
Ocelli incubated in 20 FM 3H-5HT ( Fig. 4E,P ; n = 4) did not show accumulation of grains above background over any ocellar Figure 5 . Na+-dependence of the uptake of 3H-histamine into axons. A, B, Phase-contrast and dark-field micrographs, respectively, of a section through a median ocellar nerve that was incubated in Na+-free saline (Na+ replaced by choline), while its ability to signal normally was verified by recording from postsynaptic cells. The absence of label indicates that uotake of 3H-histamine is a Na+-deoendent process. Scale bar in A also applies to B.
structures. In the phase-contrast micrograph of Figure 4E , one can see clearly a photoreceptor soma, several of its dendrites, and the axon projecting from it that exits the ocellus. The corresponding dark-field view of this section (Fig. 4F) reveals no difference in grain density over these structures, the rest of the ocellus, and the capsule. In contrast, the density of silver grains over the ocellus attributable to the uptake of 3H-histamine (Fig. 4A,B ) is higher than that over the capsule (asterisks in Fig. 4B ).
The uptake of 3H-histamine is Na+-dependent Using autoradiography, we determined whether 3H-histamine could be taken up into photoreceptor axons or terminals in the absence of external Na+. Preparations were placed in a threechamber bath, and the axons were incubated in 3H-histamine and saline in which the Na+ had been replaced by choline or TMA* (terminals and ocellus incubated in normal saline). Axons from all six preparations incubated in Na+-free saline showed no accumulation of silver grains (Fig. 5A,B) .
To be certain that the lack of uptake was not attributable to damage to the axons during prolonged exposure to the Na+-free saline, we monitored the function of the photoreceptors in each experiment. Signals are known to spread along the axons of the photoreceptors in a decremental fashion without action potentials, and they do not require extracellular Nat (Hudspeth and Stuart, 1977; Hudspeth et al., 1977) . Thus it was possible to monitor the health of the axons during incubations by determining whether visual signals continued to spread from the cell soma to the terminals in the Nat-free saline. Because the ganglion cells and the photoreceptor terminals were bathed in normal saline, synaptic transmission from the photoreceptors and the responses of postsynaptic cells were preserved. Extracellular recordings from a nerve containing the axons of ganglion cells in the visual pathway showed no change in the response of these neurons to changes in light intensity during the entire time of exposure of the photoreceptor axons to Na+-free saline (30 min preincubation, 15 min incubation, 30 min wash). We conclude that signals spread normally down the photoreceptor axons in the Na+-free saline and that the absence of uptake into the axons in this saline was unlikely to be attributable to axonal damage. Fourteen ganglia were incubated in salines in which Na+ had been replaced with choline, TMA+, Li+, or NMG+. Labeling was either absent or very weak in all of these ganglia, even after 2 weeks of exposure to emulsion. Control ganglia incubated in Na+-containing saline in these experiments labeled normally. On the basis of the markedly diminished labeling and the absence of label from axons in Na+-free salines, we conclude that uptake in the terminals is Na+-dependent. A low concentration of Na+ remaining in the extracellular space around the ganglion might be expected to drive uptake to some extent, as is the case for the glutamate transporter (Schwartz and Tachibana, 1990) .
Assaying uptake of 3H-hi&tamine by scintillation counting Preparations were incubated in 3H-histamine under standard conditions and assayed separately for uptake using scintillation counting. In 24 preparations (ocellus, median ocellar nerve, and ganglion), the mean accumulation of 3H-histamine was 73 t 43 pmol/mg protein for a 15 min incubation. Including 2 mM unlabeled histamine in the incubation medium reduced uptake by 90%. The time course of the accumulation of the 3H-histamine is shown in Figure 6A . Uptake is roughly linear for the first 15 min and approaches saturation by 30 min.
We determined whether the radioactivity was associated primarily with histamine or with a histamine metabolite. Preparations were incubated in 3H-histamine (20 PM) at 15°C and either flashing light for 2 hr (Fig. 6B ) or in the dark for 5 hr. Radioactive compounds in these preparations were then separated by thin layer chromatography.
The dominant compound after either of these periods of incubation was 3H-histamine (Fig. 6B) . No substantial peaks were seen at the positions of imidazolacetic acid, N-acetyl histamine, or N-telemethylhistamine, the major metabolites. No peak was seen at the position of y-glutamyl histamine, a major metabolite in molluscs (Weinreich, 1979) which would have run just to the left of imidazolacetic acid in this solvent system. Thus, the 3H-histamine seems not to be metabolized to any great extent. 3H-histamine taken up into Drosophila heads (Sarthy, 1991) or synthesized from 3H-histidine (Battelle et al., 1991; Sarthy, 1991) is also not metabolized significantly.
Blocking uptake of 3H-histamine into photoreceptor terminals Four drugs known to block aminergic transport in general, or histamine uptake in other preparations, were tested for their ability to interfere with the uptake of 3H-histamine, assayed by autoradiography. Uptake was not blocked by cocaine (100 PM; Fig. 7A,B) or desipramine (100 pM; result not shown), but chlorpromazine (20 PM, n = 5; Fig. 7C,D) or phenoxybenzamine (20 pM, n = 2; Fig. 7E,F) antagonized labeling of the photoreceptor axons and terminals. Phenoxybenzamine at 7 FM blocked uptake in five of eight preparations. Pyrilamine, a histamine Hl antagonist reported previously to block labeling in autoradiography (Stuart and Mekeel, 1990) also blocked uptake at 100 PM as assayed by scintillation counting, but was not pursued further because of the high concentration needed for block.
Chlorpromazine and phenoxybenzamine each exert a dosedependent block of uptake assayed by scintillation counting (Fig.  8) , with chlorpromazine being the more effective of the two drugs at lower doses. Neither antagonist is high affinity, however, be- J Neuroscl , May 15, 1996, 76(10) cause their highest concentrations reduced uptake by only 75%, whereas unlabeled hlstamme reduced it by 90% We have reported (Stuart et al, 1993 ) that chlorpromazme (20 PM) prolongs the mhlbltlon of the postsynaptlc cell, an effect consistent with blockmg transmitter uptake Photoreceptor terminals incubated in the dark show markedly diminished uptake Figure 9 shows sections through photoreceptor axons and regions m which they would be expected to arborlze m four preparations incubated m the dark To our surprise, label was found predominantly over gha rather than photoreceptors Axonal profiles m the nerve were outlined by labeled, surrounding gha (Fig SC) , and terminal arbors were labeled weakly or not at all This result was unexpected because Nat-dependent uptake of transmitters m other preparations increases when cells are relatively hyperpolanzed, as would be the case with the darkincubated photoreceptors, because the Na+ gradient 1s increased (Ayoub and Lam, 1987) These findings suggest that the balance of uptake of 3H-hrstamme mto photoreceptor terminals and surrounding gha depends on some process or substance that reflects the state of activity of the photoreceptors
DISCUSSION
This report that 3H-hlstamme 1s taken up selectively mto barnacle photoreceptors adds a critical piece to the body of evidence that histamine 1s the transmitter of arthropod photoreceptors Labelmg of the terminals was greatest when the photoreceptors were stimulated by light, suggesting that the uptake of hlstamme IS linked to its release at these highly active synapses It 1s likely that a specific histamine transporter of the superfamily of Na+-dependent ammerglc transmitter transporters (Amara and Kuhar, 1993) mediates this uptake This transporter also exists m the gha surrounding the photoreceptors, because there 1s marked uptake mto this compartment when the preparation 1s incubated m the dark Selective uptake supports a transmitter role for histamine
The presence of a removal mechanism 1s one of the criteria estabhshmg that a given molecule 1s a transmitter Although the criteria of synthesis, storage, and appropriate postsynaptlc action of histamine have been satisfied for various arthropod preparations (for review, see Stuart and Callaway, 1991 , also see Sarthy, 1991 , Burg et al, 1993 , uptake mto photoreceptors had not been demonstrated clearly before this report "H-histamine was taken up only mto ghal cells of locust compound eye (Ehas and Evans, 1984) or nonspecifically throughout Drosophda compound eye (Sarthy, 1991 ) Sarthy (1991 suggests that a permeability barrier interferes with demonstrating uptake mto photoreceptors of msect compound eyes There 1s indirect evidence for uptake mto photoreceptors of the compound eye of Lcmulus (Hart and Battelle, 1991) and locust simple eyes (Schlemermeyer et al, 1989) Furthermore, the compound eyes of barnacle larvae also take up 3H-hlstamme (E Kempter, H E Mekeel, and A E Stuart, unpublished observations) Barnacle photoreceptors take up histamme at a bath concentration of 20 PM, although we do not know the actual concentration at the terminals, this concentration 1s wlthm the range effective on postsynaptlc cells (Callaway and Stuart, 1989b, Hardle, 1989) For barnacle photoreceptors, the criteria that have been met to establish histamine as the transmitter (Callaway and Stuart, 1989b, Callaway et al, 1989) are that it 1s stored m the cell, particularly m the presynaptlc terminals, that it mlmlcs the effect of transmitter of the photoreceptors on the postsynaptlc cell, that its postsynaptlc action 1s blocked by compounds that block the action of the natural transmitter, and with this report, that it 1s selectively taken up mto the presynaptlc terminals Furthermore, histamine IS synthesized by median ocellar nerves pnd gangha 3H-hlstamme loaded mto the preparation by uptake can be released by externally applied 100 mM K' (Stuart and Callaway, 1991) , but release m response to depolarlzatlon by light has not been shown for any arthropod photoreceptor 3H-histamine uptake into other cell types Mast cells, perhaps the best known hlstammerglc cell type, concentrate histamine m large granules and release it massively m response to a stimulus Although one might expect a specific histamine transporter to be located m the membrane of these cells, this 1s not the case Instead, histamine 1s synthesized from F&re 7. Pharmacological characteristics of 3H-histamine uptake. Sections through the photoreceptor axons and expected region of terminals are shown in bright-field illumination (left) with phase-contrast insets to reveal the axon profiles more clearly, and also in dark-field views (right) to make clear the distribution of the grains. A, B, Cocaine (100 pM) added to the incubation medium did not block labeling of photoreceptor axons and terminals. C, D, Chlorpromazine (20 PM) added to the incubation medium markedly decreased the labeling of axons, and terminal labeling was not detectable. Insets in this panel and in panel E show phase-contrast view of sphotoreceptor axons at the junction of the median ocellar nerve with the commissure. E, F, Phenoxybenzamine (20 pM) also blocked the uptake of H-histamine into photoreceptor axons and terminals.
histidine and then concentrated in the granules by a protoncoupled general amine carrier that actually prefers 5HT over histamine (Ludowyke and Lagunoff, 1986) . Uptake into barnacle photoreceptors is not by this type of transporter because 3H-5HT was not taken up.
Certain neurons located in the hypothalamus of all vertebrate species examined so far (Panula and Airaksinen, 1991) also show high levels of histamine and are likely to use it as a neurotransmitter. There is controversy over whether a transporter exists in these neurons (Schwartz et al., 1991) . Vertebrate glial cells, however, seem to show high-affinity 3H-histamine uptake (Rafalowska et al., 1987; Huszti et al., 1990) . For invertebrates, histaminergic neurons identified in molluscs (Turner and Cottrell, 1977; McCaman and Weinreich, 1985) take up 3H-histamine selectively (Turner and Cottrell, 1977; Osborne et al., 1979; Turner et al., 1980; Schwartz et al., 1986; Elste et al., 1990) . In Aplysiu, this uptake is reported to be Na+-dependent (Schwartz et al., 1986) .
Distribution of label in the photoreceptor neuron It might seem peculiar at first glance that the uptake of 3H-histamine is not localized to transmitter release sites in the terminals but occurs all along the photoreceptor axons; however, localization of the rat brain GABA transporter by antibodies (Radian et al., 1990; Pietrini et al., 1994) Attwell, 1987) and photoreceptors (Sarantis et al., 1988; Tachibana and Kaneko, 1988) of the vertebrate retina by iontophoresis of glutamate onto various cellular regions. Although the resolution of this approach is limited, glutamate-gated currents are maximum when glutamate is applied to the synaptic end of the photoreceptors or the endfeet of the glia cells, indicating polarity in the distribution of the uptake mechanism. We found only a low level of 3H-histamine uptake into somata of the barnacle photoreceptors under our stimulus conditions. This result may be attributable not to the relative absence of the presumed transporter from the somatic membrane but to the Na+-dependence of the process: the somata would be expected to be depolarized for a good part of the incubation period by the light, causing a marked reduction in the Na+ gradient across the membrane. After incubation of molluscan ganglia in 3H-histamine, label is found over somata of histaminergic cells (Turner and Cottrell, 1977; Schwartz et al., 1986) . On the other hand, the rat brain GARA transporter was not found in somata of neurons or of glial cells (Radian et al., 1990; Pietrini et al., 1994) and is targeted to the apical but not the basolateral membrane when expressed in polarized epithelial cells. The question of whether the histamine uptake mechanism is present throughout the barnacle photoreceptor or specifically in the axonal/synaptic domain requires further investigation. 3H-histamine uptake by terminals in the light and dark Na+-dependent transporters typically take up their transmitter more avidly when the ceil is relatively hyperpolarized and the Na' gradient is comparatively large (Tachibana and Kaneko, 1988; Cammack and Schwartz, 1993 ), but we observed the opposite result for the photoreceptor terminals, which label more crisply in the light or flashing light when they are relatively depolarized than Figure 9 . Four preparations selected to represent the range of observations of labeling of ganglia incubated in 3H-histamine in the dark. Phasecontrast images of sections through the entering photoreceptor axons or primary processes (arrows) and region of presynaptic terminals. The axons do not label as heavily as do their surrounding glia. A, Region of photoreceptor terminals. No labeled terminals were found in this or any other section. The heavy, diffuse label of the anterior compartment is primarily over glia (compare Fig. L4, B) . B, An axon sectioned at its bifurcation point. C, Two primary processes of an axon that has bifurcated at a more distal point. D, Section through the glial sheaths of two groups of primary photoreceptor processes illustrating the heavy glial labeling. Arrow points to the only photoreceptor axonal profile in the section. Scale bar in D applies to all panels. they do m the dark, when they are relatively hyperpolarlzed In the dark, label seems stronger over gha Uptake mto the presynaptlc termmals might be Influenced by factors m addltlon to the Nat gradient m this speclahzed region More active uptake might occur m the light If the mtracellular hlstamme concentration falls when the cell depolarizes and releases transmitter, either because of the release Itself or because the histamine IS sequestered more actively mto a vesicular pool during transmitter recycling It IS also possible that uptake might be lmked to other presynaptlc processes Involved with transmitter release, such as ion or second messenger changes In this regard, it will be of interest to examme how uptake mto nonsynaptlc regions of the cell depends on hght and dark
